Transposition of TnS and of its component insertion sequence ISSOR is regulated through the action of two proteins it encodes: a cis-acting transposase, Tnp, and a trans-acting inhibitor of transposition, Inh. The mechanism of the cis-acting Tnp and the relevance of inhibition to cis action have been addressed in the current study. A specific colony morphology assay for transposition of Tn5 was shown to be sensitive to Inh produced in trans and was used to screen for mutants in Inh and/or Tnp with altered regulation. A dominant mutant in ISSOR that promotes transposition in trans was isolated and characterized. The mutant (449F) carries a Leu-* Phe mutation at position 449 in Tnp. This mutation reduces the frequency of TnS or I5SOR transposition in cis but allows Tnp-449F to act as efficiently in trans as it does in cis. Tnp-449F is sensitive to inhibition and, furthermore; Inh449F is a competent inhibitor in trans. These results show that Tnp-449F is a trans-acting transposase, unlike wild-type Tnp, which is cis-acting.
nant mutant in ISSOR that promotes transposition in trans was isolated and characterized. The mutant (449F) carries a Leu-* Phe mutation at position 449 in Tnp. This mutation reduces the frequency of TnS or I5SOR transposition in cis but allows Tnp-449F to act as efficiently in trans as it does in cis. Tnp-449F is sensitive to inhibition and, furthermore; Inh449F is a competent inhibitor in trans. These results show that Tnp-449F is a trans-acting transposase, unlike wild-type Tnp, which is cis-acting.
Transposons have various regulatory mechanisms that limit their movement. With the transposon Tn5, regulation occurs primarily at the level of the transposition reaction (1, 2) . Tn5 is a compound transposon, comprising two nearly identical, inversely oriented repeat sequences, ISSOR and IS50L, and a central or unique region containing antibiotic-resistance genes (3, 4) . ISSOR, which is required for transposition of TnS, codes for two proteins, Tnp and Inh, which are 476 and 421 amino acids in length, respectively ( Fig. 1; ref. 6 ). The frequency of TnS transposition is tightly regulated at several levels. First, Inh directly inhibits transposition; second, Tnp exhibits a 100-fold preference for IRS elements located in cis (1, 2) . Furthermore, Tnp is produced in very low amounts, due to a weak promoter, a poor ribosome binding site, and a posttranscriptional block barring expression of messages initiated at promoters external to IS50 (6) . The tnp promoter is active only when hemimethylated (7, 8) , as is the inner IRS of IS50 (7) .
Inh is a diffusible (trans-acting) inhibitor of transposition that acts to block the transposition reaction directly, rather than by affecting expression of the tnp gene. In wild-type cells carrying ISSOR or TnS, Inh is more abundant than Tnp. Because Inh and Tnp form a protein complex (9) , it is thought that Inh may inhibit Tnp by direct binding.
In general, the mechanism causing site-specific DNAbinding proteins to act preferentially near the gene from which they were synthesized is not known. In the case of Tnp the ability of Inh to act efficiently in trans, especially if Inh inactivates Tnp by direct binding, may be responsible for Tnp acting near its site of synthesis (23) . According to this model, the regulatory function of Inh itself is responsible for the cis-acting phenotype of Tnp. Here we report the isolation of a trans-acting mutant ofTn5 transposase. Our results indicate that the preference of Tnp for action in cis is independent of its sensitivity to Inh.
MATERIALS AND METHODS
Media. Antibiotics were used in TYE agar (10) at the following concentrations: kanamycin, 30 ,ug/ml; tetracycline, 12 ,ug/ml; carbenicillin, 125 ,ug/ml; chloramphenicol, 20-50 jig/ml.
Strains. The Escherichia coli strains, phages, and plasmids are listed in Table 1 . To construct A421-449F, the 449F mutation was subcloned from Tn5-449F into A421 by using the central 4.6-kilobase Not I fragment of pTG20-449F. AADL87 and AADL87-449F were constructed by crossing the his-flanked transposons on pADL87 and pADL87-449F (see below) into the his DNA carried on ANK1038.
Plasmid Constructions. pTG20 is pACYC184::TnS and is the parent of all pACYC184::TnS and pACYC184::IS50 (pADL53) plasmids used. pADL53-34am contains an Xba I linker at the Hpa I site at position 188 in ISSOR. In pADL53-561 the 400-bp Hpa I-Not I fragment from pRZ1037 (17) is inserted into the Hpa I-Not I backbone fragment ofpADL53. Derivatives of pADL53-449F carrying the 34am and 56I mutations were constructed using similar methods. Plasmids pADL87 and pADL88 are pBR333-based replicons. In pADL88, the chloramphenicol-resistance gene (cmlR) from pACYC184 is flanked by two 49-mers containing a 27-bp sequence that includes IRS from the outside end of Tn5 upon the lighter Lac-colony. The number of papillae per colony is thus a measure of the frequency of transposition of TnS-620 (Fig. 2C) . When a functional inh gene is placed in trans to the TnS-620 marker transposon, the frequency of Lac papillation is visibly reduced (Fig. 2A) . A plasmid carrying ISSOR (pADL53, Fig. 2A Fig. 2 . Inactivation of inh does not alter the 449F mutant phenotype (Fig. 2 E vs. B) . However, inactivation of the tnp open reading frame in the Tnp-449F Acts in Trans. In the quantitative assays described above, we measured the activity of Tnp-449F by A infection assays. The kinetics of TnS transposition from an infecting phage are qualitatively different from the kinetics of transposition from a replicon already established in the cell. This difference results largely from the hypomethylated state of A DNA and the activation of the tnp promoter by hypomethylation (7, 8) . These two factors cause a burst of Tnp synthesis immediately following A::TnS infection; Inh synthesis lags behind (19) . In contrast, in cells carrying an established TnS, such as TnS-620 in the papillation assay, Tnp and Inh are present at steady-state levels. To exclude the possibility that Tnp-449F is defective only upon freshly entering a cell, we also quantitatively assayed transposition ofTnS alleles that were fully established. In addition, we used the Inh-allele of ISSOR, IS50R-56I, to eliminate the effects of Inh on Tnp activity.
The abilities of Tnp-56I and Tnp-561449F to promote transposition both in cis and in trans were compared directly. The two tnp alleles were inserted into a TnO derivative carrying the kanamycin-resistance marker. Each transposon was crossed onto phage A, and each recombinant phage was lysogenized into the chromosome of a recA strain carrying the mini-F plasmid pOX38. In these cells, cis transposition catalyzed by a given Tnp results in the formation of pOX38::TnS (i.e., transferable kanamycin resistance). To allow simultaneous measurement of transposition promoted in trans by these alleles of tnp, a plasmid carrying two outside IRS ends of TnS flanking a chloramphenicol-resistance (cmlR) determinant also was introduced into the cells carrying A: :Tn5 derivatives and pOX38. The cmlR transposon itself is transposition-defective, but if Tnp is supplied in trans this element can transpose to give pOX38::cmlR (i.e., transferable chloramphenicol resistance).
The results are shown in Table 3 . Tnp-561 transposes in cis, but transposition promoted in trans was undetectable; the preference for action on the transposon present in cis comProc. Nad. Acad Sci. USA 88 (1991) tTransposition in trans is the movement of the cmIR gene onto pOX38 and is determined by dividing the number of CmlR SmR NalR exconjugants by the total number of exconjugants and correcting that frequency for the background frequency of pADL88 plasmid mobilization. This background frequency of cmlR transfer (5.1 ± 3.4 x 10-8) was determined by mating recA56/pOX38/pADL88 (producing no Tn5 transposase proteins) with SY1093 and was the same as the frequency of cmlR transfer (4.7 ± 2.6 x 10-8) obtained with the strain producing Tnp-561. In both the "no Tnp" control mating and the Tnp-561 mating (but not in the Tnp-56I449F mating), Cm1R exconjugants also were CbR, indicating that cmlR transfer resulted from plasmid mobilization. The presence of an entire pADL88 plasmid in the CmIR exconjugants from the Tnp-56I mating was verified by Southern blot analysis, confirming that plasmid mobilization and not transposition had occurred. pared with that in trans is >55-fold for Tnp-561. This shows that Tnp-561 is similar to Tnp in its preference for cis action (1, 23) . In contrast, despite the 10-fold defect of Tnp-561449F in cis transposition, this transposase is quite proficient for trans transposition (Table 3 ). In fact, the cis/trans ratio for Tnp-561449F is nearly 1 (0.77, Table 3 ), indicating that the 449F mutation greatly reduces Tnp's preference for ends present in cis.
The results in Table 3 suggest that the papillation phenotype ofthe original TnS-449F mutation is due to a trans-acting Tnp-449F. The experiment described in Table 3 , however, involved only Tnp. In contrast, in the original papillation screen, cells carrying TnS-449F in trans to TnS-620 produced Tnp, Inh, Tnp-449F, and Inh-449F. To test whether Tnp-449F is also insensitive to Inh or Inh-449F, transposition of TnS-449F was assayed in the presence of the Inh+ Tnp-derivatives of ISSOR and ISSOR-449F (Table 4 ). The transposition frequencies of both TnS and TnS-449F were decreased >100-fold by the presence of either wild-type Inh or Inh-449F. Thus, TnS-449F is sensitive to inhibition and Inh-449F is a competent inhibitor. This indicates that the original papillation phenotype of TnS-449F is due to the trans-acting transposase alone. carrying the plasmids indicated were determined as described in Table 2 , except that the infected cells were incubated and kanamycin-resistant clones were selected at 39.5°C. Relative transposition (Rel.) is the ratio of a given transposition frequency to the frequency obtained with the same TnS allele in cells carrying pACYC184. 1.1 0.5 Transposition frequencies (f) and relative transposition (Rel.) of TnS and Tn5-449F in SY327 cells carrying the plasmids indicated were determined as described in Table 4 .
Characterization of the Protein Products of ISSOR-449F. To show that the phenotype of Tn5-449F is due to a qualitatively different Tnp product and not to differences in the amount of Tnp produced, we compared the protein products of ISSOR-449F and wild-type ISSOR by an immunoassay procedure (9) . Overall, the wild-type and 449F mutant protein products were not distinguishable from each other on the basis of their total accumulation in cells carrying multiple copies of the appropriate ISSOR allele (data not shown).
Tnp-561 Inhibits TnS Transposition in Trans. We also examined the possibility that Tnp itself has inhibitor activity. To this end, the transposition proficiencies of TnS and Tn5449F were assayed in the presence of the Inh-elements IS50R-561 and ISSOR-561449F. As shown (Table 5) both Tnp-561 and Tnp-561449F have inhibitory activity of their own. Furthermore, both Tn5 and Tn5-449F are sensitive to this inhibition. There is, however, a significant quantitative difference between the two Tnp alleles in that Tnp-561449F is a much weaker inhibitor than Tnp-561. This difference between the two Tnp alleles was seen at 39.5°C (as in Table 5 ); at 30°C both Tnp alleles showed the same inhibitory activity (data not shown). Therefore the deficiency in inhibition of the Tnp-449F allele is temperature-sensitive, as is its original phenotype.
This experiment shows that Tnp-561, although transposition-competent in cis, inhibits transposition in trans. The 25-to 100-fold inhibitory activity of Tnp-56I shown in Table 5 compares to the 300-to 500-fold decrease caused by Inh alone (compare with Table 4 ). This "negative complementation" effect of Tnp-56I can explain why TnS-56I, which produces no Inh, does not transpose more frequently than wild-type TnS (15) . It seems likely that the wild-type Tnp allele also possesses inhibitory activity. This would explain why ISSOR derivatives that overproduce Tnp and Inh cause transposition of TnS to decline (20) .
DISCUSSION
A mutant Tn5 transposase that stimulates transposition in trans has been isolated. The phenotype of ISSOR-449F is dominant, is temperature-sensitive, and segregates with a single base-pair alteration. As assayed by papillation, the mutant allele is inhibition-competent at 30°C but promotes transposition in trans at 42°C. Tnp-449F is necessary and sufficient for the dominant phenotype, while Inh-449F is inhibition-competent at all temperatures. Quantitative assays show that Tnp-449F and wild-type Tnp are equally sensitive to Inh produced in trans. Unlike wild-type Tnp, however, the 449F transposase acts as well in trans as in cis. The 449F lesion maps very near a second mutation, 451Q, that increases transposition frequency nearly 4-fold (17) , suggesting that this small carboxyl-terminal region is an important domain in Tnp.
The ability of Tnp-449F to act in trans places clear constraints on the possible mechanisms proposed for the preferential cis activity of wild-type Tnp. Three previously con-sidered explanations become unlikely. (i) Because Tnp-449F is still sensitive to Inh, cis action cannot be attributed simply to the interaction between Tnp and Inh. (it) Since the 449F mutation does not affect a dam methylation site, cis action is unlikely to arise from coordination of Tnp synthesis and IRS activation. (iii) Intrinsic low transposase activity also cannot account for Tnp's cis-acting phenotype, since Tnp-449F exhibits a partial deficiency in cis, but greatly enhanced activity in trans.
Preferential cis action may reflect a propensity of Tnp to irreversibly bind DNA near its site of synthesis, coupled with an affinity for transposon ends that does not greatly exceed the affinity for random DNA (21) . Possibly, diffusion away from the site of synthesis would result in nonspecific binding of Tnp or, alternatively, the nascent polypeptide during Tnp synthesis may bind DNA. Under this formulation the 449F mutation could weaken Tnp binding to either nonspecific DNA or result in reversible binding to transposon ends. This would explain why Tnp-449F is defective in cis but proficient in trans.
Recently isolated mutations in the transposase genes of IS903 and ISIO appear to increase transposase activity in trans by increasing the transposase stability (11) . We have shown that the 449F mutation does not significantly alter the accumulation of the Tnp polypeptide, though possibly the mutation increases the functional stability. An increased functional half-life might explain the somewhat paradoxical behavior of Tnp-449F in the various assays described here. While the mutant strongly enhanced transposition of a Tnp+ reporter in the papillation assay, it also weakly inhibited transposition in the A infection assay (Table 5) (9) . Therefore, it seems likely that both Tnp and Inh form oligomers, and that Inh blocks transposition by forming a transposition-defective oligomer with Tnp. In support of this model, native Tnp and Inh proteins have been found to behave as polydisperse oligomers of 6 to 12 subunits in sucrose gradient sedimentation experiments (T. Hanley and M.S., unpublished data).
